Introduction
Once the vertebrate neuroepithelial sheet neurulates and assumes its neural tube configuration, the initially ubiquitous proliferation is increasingly down-regulated as postmitotic cells develop (Gilbert, 2000) . Although new neurons are indeed generated during the adulthood of birds (e.g. Goldman and Nottebohm, 1983; Alvarez-Buylla and Nottebohm, 1988; Goldman et al., 1996; Rousselot et al., 1997) and mammals (e.g. Altman and Das, 1965; Kaplan and Hinds, 1977; Bayer et al., 1982; Lois and Alvarez-Buylla, 1993; Luskin, 1993; Goldman et al., 1997) , the potential for adult neurogenesis of the amniote brain is generally considered to be surpassed by that of the anamniote brain (Birse et al., 1980; Bernocchi et al., 1990; Zupanc and Horschke, 1995; Wullimann and Puelles, 1999; Ekström et al., 2001) . Furthermore, vertebrate neurogenesis -be it early or late -has been described in these studies as taking place close to the ventricle from where the newborn postmitotic neuronal cells migrate to their more peripheral (i.e. subpial) final destination. A prominent exception to this rule is the proliferative external granular layer (EGL) of the cerebellum. The EGL is located at the subpial periphery of the developing cerebellum where it generates postmitotic cells that migrate towards the ventricle, destined to become deeply lying granular layer neurons (Gilbert, 2000) .
Here, we report an additional unusual case of neurogenesis in a peripheral location of the forebrain of the zebrafish Danio rerio. Previous immunohistochemical studies on the central nervous system (CNS) distribution of the proliferating cell nuclear antigen (PCNA) demonstrated how spatiotemporal dynamics of proliferation patterns change from embryonic through early postembryonic stages (Wullimann and Puelles, 1999; Wullimann and Knipp, 2000) . The CNS proliferative profile is still very high at 48 h, but is rapidly down-regulated up to 5 days postfertilization (dpf), whereby the rhombencephalon precedes the forebrain by about 48 h (Wullimann and Knipp, 2000) . This is particularly evident in the visualization of neuromeric clusters of proliferative cells which are present in the rhombencephalon between 48 and 72 h, but are increasingly disappearing from 4 dpf on. In contrast, a neuromeric (i.e. prosomeric) proliferation pattern in the forebrain is best seen between 4 and 5 dpf. Regionally highly specific postembryonic proliferation zones were described with PCNA immunolabeling and they were located typically close to the ventricle at postembryonic stages. However, still at 5 dpf, some scattered PCNA-immunoreactive (i.e. PCNA-positive) cells were also noted in areas remote from the ventricle, especially in the early migrated region of pretectum (M1) and posterior tuberculum (M2), which represent the larval forerunners of the adult superficial pretectal and preglomerular regions, respectively. The superficial pretectal region is involved with primary visual circuits (it includes, for example, the adult retinorecipient parvocellular nucleus), as well as with higher order visual or multisensory circuits (e.g. the adult tectorecipient magnocellular nucleus which projects to the hypothalamus; reviewed in Wullimann, 1997) . The preglomerular region forms a large diencephalic relay area for various sensory systems (e.g. gustatory and lateral line systems; reviewed in Wullimann, 1997; Wullimann and Rink, 2002) ascending to the pallium (which is homologous to the mammalian cortex). There are three possibilities for interpreting the PCNA-positive cells in these developing central nervous sensory areas: they could be of mesodermal origin and represent blood or endothelial cells. However, a check of their morphological relationship to blood vessels makes this unlikely (Wullimann and Puelles, 1999) . Alternatively, the peripherally located PCNA cells in question could be mitotically active glial or neuronal cells. However, the PCNA method is inept to demonstrate whether these cells are really mitotically active, since PCNA is kept for some time in recently postmitotic neuronal cells (Bravo and Mcdonald-Bravo, 1987; reviewed in Wullimann and Puelles, 1999) .
Thus, experiments were performed in the present study to show 1. that there are truly mitotically active cells in the peripheral larval forebrain regions M1/M2 by using a reliable mitotic marker, the thymidine analogue 5-bromo-2 0 -deoxyuridine (BrdU), and 2. that the mitotic cells in M1/M2 give rise to neuronal cells by using earliest neuronal determination and differentiation markers (i.e. neuroD-transcripts and Hu-proteins).
The method of BrdU-labeling in the CNS is normally either used to detect S-phase cells in a so-called pulselabel approach or to determine the adult location of cells which were given off by neural stem cells and went through their last mitosis (i.e. S-phase) during incubation, an approach termed birthday-label. The incubation time in the first approach is very short and the animal has to be sacrificed immediately after incubation. In the birthdaylabel approach, the survival time after incubation is very long (weeks to months). During this survival time, the BrdU-labeled cells may migrate over long distances and reach the locations of their final destination (see, for example: Schmidt and Roth, 1993) .
We choose here a third, intermediate, approach which at the same time visualizes practically every proliferative cell, but avoids massive occurrence of BrdU-positive migrated postmitotic cells. We designate this approach saturationlabel which has the potential -if used in conjunction with markers for neuronally determined cells (neuroD transcripts; Blader et al., 1997; Korzh et al., 1998) or earliest phenotypically differentiating neuronal cells (Hu-proteins; Marusich et al., 1994) -to show that the birthday location of some of the peripheral neuronal cells lies in the immediate neighborhood within M1 and M2 and not in ventricular proliferative centers.
The saturation-label approach may be defined by three features: (1) In contrast to a pulse-label which only visualizes a minor fraction of all mitotic (i.e. S-phase) cells in a proliferative zone, a saturation-label reveals nearly every proliferative cell in a given proliferation zone. Thus, the resulting overall picture should be qualitatively similar to that delivered by other mitotic markers (such as PCNA, Wullimann and Puelles, 1999; Wullimann and Knipp, 2000) . (2) Because of its incubation time ideally situated between short (pulse) and long-term (birthday) labeling, only very few postmitotic cells are expected to be BrdUpositive. If postmitotic cells are seen, these should have migrated during the relatively short incubation time only a minute distance from their location of origin after their last mitosis and may already express early neuronal differentiation markers. (3) Importantly, such a saturation-label must show an absence of long-distance migrated postmitotic cells, i.e. in our case, no BrdU-positive cells should be detected in the white matter between the gray matter (which houses the ventricular proliferation zones) and the peripheral M1 and M2 forebrain aggregates. Only when these two last conditions are met, one can identify BrdUpositive cells in M1 and M2 as being mitotic and, thus, as having originated in these peripheral locations and not in the remote ventricular proliferation zones. The length of the cell cycle is rapidly increasing in the early zebrafish CNS; it reaches 4 h already during gastrulation at 10 h postfertilization (hpf; Kimmel et al., 1994) and at 24-28 hpf the cell cycle length amounts to 10 h (Li et al., 2000) . This indicates that a saturation-label with a BrdU incubation time of 12-16 h as described in the present study at 5 dpf likely affects one or two cell cycles.
Moreover, a BrdU saturation-label combined with a Hu-immunoassay on the same sections allows to determine the neuronal cell fate of mitotic cells in the peripheral aggregates M1 and M2 because of the inherent features of saturation-labeling that includes some very recently postmitotic cells very close to the mitotic cells (see conditions 2 and 3 above). Additionally, we looked at neuroD gene expression, which occurs in freshly determined neuronal cells, in order to corroborate neurogenesis in these peripheral forebrain aggregates.
Results

2.
1. BrdU studies confirm proliferation pattern described with PCNA in the 5 dpf zebrafish brain
Zebrafish aged 5 dpf were allowed to take up BrdU from the tank water between 10 and 24 h of incubation and were sacrificed immediately afterwards (see Section 4). Three different patterns of BrdU-labeling became apparent in the zebrafish brain depending on length of BrdU incubation which correspond to pulse-, saturation-and long-term label (compare Section 1 and Fig. 1) .
At 10 h of BrdU incubation, labeled cells close to the ventricle are present throughout most brain areas. However, the scattered distribution of these labeled cells does not reveal the entire extent of CNS proliferation zones as described previously in immunohistochemical studies (Wullimann and Puelles, 1999; Wullimann and Knipp, 2000) using the mitotic cell marker proliferating cell nuclear antigen (PCNA; see review on its molecular structure and function by Tsurimoto, 1998) . Thus, this labeling pattern clearly represents a true pulse-label, visualizing stochastically distributed mitotic S-phase cells within proliferation zones labeled during the relatively short BrdU incubation (refer to Fig. 1 ). However, despite this stochastical sampling of mitotic (i.e. S-phase) cells, single BrdU-labeled cells were also seen in peripheral positions in the cerebellar EGL and in the migrated postembryonic primordial pretectal M1 and preglomerular M2 regions.
The proliferation zones (described with PCNA previously; Wullimann and Puelles, 1999) were increasingly filled with BrdU-labeled cells with higher incubation times starting with 12 h of incubation. In contrast to the PCNA studies (compare Figs. 2 and 3C ), there were essentially no BrdU-labeled cells seen more peripherally in the gray matter between 12 and 16 h of incubation -with the exception of the cerebellar EGL (Fig. 2H ) and the newly discovered cases of the larval pretectal M1 and preglomerular M2 regions (compare Fig. 3 ) to be described in Section 2.2. This indicates that different from shorter incubation times which showed a pulse-label (see earlier), BrdU uptake between 12 and 16 h represents a saturation-label (as outlined in Section 1, compare Fig. 1 ), i.e. essentially all cycling (mitotic) cells went through at least one S-phase during the incubation and incorporated BrdU. In such a saturation-label, almost every single cell is labeled within the CNS proliferation zones which are virtually 'filled' with BrdU-positive cells. The distribution of BrdU-labeled cells is qualitatively identical to the proliferation patterns along the neuraxis previously revealed with PCNA immunolabeling at 5 dpf ( Fig. 2 ; compare with Wullimann and Puelles, Fig. 1 . Scheme shows patterns of BrdU-label seen in the periventricular (mitotic) zone, the (postmitotic) gray and white matter, as well as in the subpially migrated zone of the larval zebrafish brain depending on incubation time. Note that apart from the classically recognized pulse-and long-term (i.e. birthday-) label, a third, namely the saturation-label pattern is recognized (see text).
1999; Wullimann and Knipp, 2000) . As with PCNA, proliferation zones visualized with BrdU are located at ventricular positions, e.g. in the everted (pallial) and non-everted (subpallial) part of the telencephalon ( Fig. 2A-C ), preoptic region ( Fig. 2C, D) , hypothalamus ( Fig. 2E-H ), in the clearly prosomerically organized diencephalon ( Fig. 2D , E; pretectum, dorsal thalamus, ventral thalamus, two parts of the posterior tuberculum), as well as in the mesencepha- lon ( Fig. 2E -H) and rhombencephalon ( Fig. 2G, H) . Especially in the latter, proliferation is already massively downregulated as to no longer reveal the rhombomeric pattern of proliferation zones, similar to what has been described with PCNA (Wullimann and Knipp, 2000) . The region between midbrain and hindbrain is particularly interesting, because the two parts of the actual midbrain-hindbrain boundarythe rostral cerebellar thickening and the posterior tectal membrane (Wullimann and Knipp, 2000) -are clearly BrdU-positive. In the cerebellar plate itself, in addition to the ventral (VCP) and medial (MCP) cerebellar proliferative cells, a layer of peripheral BrdU-positive cells is seen (Fig.  2H) . These represent the cerebellar EGL which -as in other vertebrates -presumably give off cells that migrate to the base of the cerebellum where they will give rise to the deep granular layer of the cerebellum. Finally, a third pattern of BrdU-labeling was seen after longer incubation times (24 h). A considerable number of BrdU-labeled cells is now observed in migrated positions in the gray and white matter in addition to those filling the ventricular proliferation zones (Figs. 1 and 4C, J). These migrated cells likely represent postmitotic cells that were born close to the ventricle at the time of incubation and migrated already towards the subpial surface during extended incubation times. Thus, this long-term label visualizes mitotic as well as postmitotic cells. As expected, there are also labeled cells in the cerebellar EGL and in M1 and M2.
In summary, proliferation is generally restricted to ventricular positions in the postembryonic zebrafish brain as a rule, with the cerebellar EGL, as well as the larval pretectal and (M1) preglomerular (M2) regions being exceptional to that.
The peripheral larval pretectal (M1) and preglomerular (M2) regions in the zebrafish brain contain islands of mitotic (proliferative) cells within differentiating (Hupositive) neuronal cells
A microscopic analysis in the 5 dpf zebrafish brain reveals that the PCNA-positive cells in the peripherally migrated larval pretectal (M1) and preglomerular regions (M2; Fig. 3C ) are neither endothelial cells of blood vessels, nor are they blood cells. This follows from the fact that these PCNA cells neither show the flattened shape and location within the wall of a capillary typical for such endothelial cells, nor do they show a cytology characteristic of blood cells or location in the lumen of a capillary. In contrast, the PCNA-positive cells are similar in shape and size to other neural cells in the vicinity. Thus, a mesodermal origin can safely be excluded for these unusual, migrated proliferative cells, which, apparently, are of neuroectodermal nature. The next important question is whether these cells are truly mitotic. Alternatively, they could represent fast migrating postmitotic cells still showing high levels of PCNA (Bravo and Mcdonald-Bravo, 1987; Wullimann and Puelles, 1999) . As described previously, the short-term BrdU incubation (pulse-label) only shows labeled mitotic S-phase cells close to the brain ventricles, but no BrdU-labeled postmitotic gray matter cells born during the incubation lying more peripherally towards the pia. As an exception, BrdU-positive cells are found in the very far peripherally lying M1 and M2 regions, which proves that these cells are mitotic (Fig.  1) . In a saturation-label, essentially all mitotic cells, including those in M1 and M2, are visualized (Figs. 1 and 3A, B) . However, very few postmitotic cells are also labeled, but these typically never migrate as far as to reach the white matter, as is the case in the long-term BrdU-labeling (Figs. 1  and 4J ). The fact that some BrdU-positive postmitotic cells (which have not migrated very far from the mitotic cells) do occur in the saturation-label, offers the opportunity for recognizing those as neuronal cells. We have, thus, generated sections immunostained for Hu-proteins, a family of mRNA binding proteins with a gene-regulatory function at the posttranscriptional level (Marusich et al., 1994) . Although the monoclonal antibody (MAb 16A11) used here was made against human HuD peptide, it specifically recognizes a peptide sequence (LDNLLN) present in a variety of mammalian Hu-proteins (i.e. HuD, HuDpro, HuC, HuCLS and Hel-N1 peptides; Marusich et al., 1994) . This antibody is, thus, a rather general marker for cellular Huprotein expression and can be used as such in various vertebrates (i.e. human, mouse, chicken, quail, zebrafish; Marusich et al., 1994) . The presence of Hu-proteins serves as marker for newly committed postmitotic neuronal cells of the CNS, as well as for mature neurons (Marusich et al., 1994; Barami et al., 1995) . Thus, Hu is one of the earliest markers for overt neuronal differentiation. A comparable Hu-immunostained section at the level of M2 reveals an essentially complementary labeling of cell populations when compared to a PCNA immunostaining or BrdU-labeling. Thus, the ventricular proliferation zones are left out by the Hu-label, which essentially covers all of the remaining, more peripheral gray matter. Interestingly, there are unstained cells (i.e. Hu-negative) within M1 and M2, the latter being otherwise strongly Hu-positive (Fig. 3E, F) . These Hu-negative cells might represent mitotically active cells detected with the PCNA-and BrdU-assays. In the cerebellar plate, an analogous situation is seen: many Hupositive cells are seen sandwiched between the ventral proliferative zone and the mitotic peripheral EGL (Fig.  2H, H 0 ).
In summary, single BrdU and Hu stainings together imply that there are truly mitotic cells within the larval EGL, as well as in the pretectal M1 and preglomerular M2 regions.
Mitotic cells in peripheral pretectal (M1) and preglomerular (M2) regions are neuronal progenitors
In a next step to investigate the cell fate of peripheral mitotic cells in the pretectal M1 and preglomerular M2 regions of the 5 dpf zebrafish brain, double-label stainings for BrdU and Hu were prepared and investigated with confocal microscopy for double-versus single-staining on the cellular level. In these sections, the typical pattern for a saturation-labeling becomes directly apparent (as already described previously with the single-label approach): Hu immunostaining is seen in the majority of gray matter cells (red cells in Fig. 4) , surrounding the ventricularly located proliferation zones. The latter, in contrast, contain BrdU (green cells in Fig. 4) , which is, therefore, limited to CNS regions close to the brain ventricles. Exceptions are the subpially located EGL (see Fig. 2H ), and the pretectal region M1 (Fig. 4A) as well as the preglomerular region M2 (Fig. 4B) , where a few BrdU-labeled cells are observed. Interestingly, single as well as double-labeled cells (for Huproteins and BrdU) were found in M1 and M2 in saturationlabel ( Fig. 4D-H) , indicating that the double-labeled cells were very recently postmitotic neuronal cells. It is important to note that although the majority of (single) BrdU-positive cells lie within ventricular proliferation zones in a saturation-label, a few double-labeled cells do also occur (see earlier) in the immediate neighborhood of proliferation zones. However, long-distance migrated postmitotic cells in the peripheral gray and white matter were essentially absent in a saturation-label. This is in contrast to longterm label cases (24 h BrdU incubation) where many BrdU-labeled cells are seen in migrated positions within gray and white matter (Fig. 4C, I , J). Although doublelabeled cells occur (Fig. 4I) , the majority of BrdU-labeled cells are Hu-negative (thin arrows in Fig. 4J ), indicating that these represent migrating postmitotic cells not yet expressing Hu-proteins.
In summary, double-label BrdU/Hu stainings show that peripheral mitotic cells in M1 and M2 are neuronal progenitors.
Cell clusters in the larval pretectal M1 and preglomerular M2 Anlage of the zebrafish brain express markers for early neurogenesis
The recent identification of many basic helix-loop-helix genes involved in vertebrate neurogenesis (Lewis, 1996; Blader et al., 1997 ) allows furthermore to investigate whether one of these genes is expressed in the peripheral pretectal M1 and preglomerular M2 aggregates in the zebrafish forebrain. NeuroD is one of the first genes to be expressed downstream of Neurogenin, which is considered a very early active gene involved with Notch and Delta genes in the lateral inhibitory process of singling out neuronal cells (Lewis, 1996; Ma et al., 1996) . The zebrafish neuroD gene is expressed in supposedly very recently postmitotic neuronal cells (Blader et al., 1997) for a short time and is not found in older, differentiating neuronal cells. The expression domains in the 2 dpf zebrafish brain have been described recently (Mueller and Wullimann, 2002) , and a more complete description of neuroD transcripts at various postembryonic stages will be given somewhere else. Our focus here is on checking whether neuroD gene expression is present in the peripheral pretectal (M1) and preglomerular (M2) regions which is to be expected since neurogenesis is taking place there (as shown above). Impressively strong and clearly outlined neuroD expression domains are generally present in the 2 dpf postembryonic zebrafish brain very close to -but not directly at -the ventricular lining where the proliferation zones lie (Mueller and Wullimann, 2002;  see Fig. 5D1, D2) . However, neuroD expression does not extend into most of the more peripheral Hu-positive cell populations of the postmitotic gray matter (which represent differentiating neuronal cells that, presumably, already have down-regulated neuroD expression; compare Figs. 4A, B and 5D1, D2). Between 2 and 5 dpf, neuroD expression is rapidly down-regulated in the zebrafish brain (Fig. 5A-D) . However, neuroD transcripts remain present in cell clusters within the larval pretectal M1 (Fig. 5A1-D1 ) and preglomerular M2 (Fig. 5A2-D2 ) regions at least up to 5 dpf. These neuroD clusters are reminiscent of the proliferative clusters seen in M1 and M2 with PCNA-/BrdU-labeling at that age (see earlier). However, the two presumably are not identical, since neuroD is said to be expressed in postmitotic cells (Korzh et al., 1998) after determination by neurogenin1 (Blader et al., 1997) .
Our experiments demonstrate that very recently postmitotic neuronal cells do exist in the larval pretectal M1 and preglomerular M2 regions of the zebrafish forebrain and that these neuronal cells are presumably born in these peripheral (subpial) positions. In the cerebellar plate, a single, very strong neuroD expression is present at 2 dpf ( Fig. 5D3 ; Mueller and Wullimann, 2002) . However, between 2 and 5 dpf, neuroD expression is becoming increasingly restricted to cells in the proliferative basal ventral layer and in the peripheral EGL (Fig. 5C3, B3, A3) , leaving a neuroD-negative zone in between where many Hu-positive cells are seen at these ages (compare with Fig. 2H 0 ). This strongly indicates that neurons are generated in both of these proliferative layers. In summary, together with the facts that mitotic (i.e. BrdU-/PCNA-positive) cell clusters in the larval pretectal M1 and preglomerular M2 regions (as well as in the cerebellar EGL) do exist and that these clusters include some cells double-labeled for BrdU and the early neuronal differentiation marker Hu, the in situ hybridizations of neuroD transcripts, which serve as a marker for freshly determined neuronal cells, convincingly show that neuronal cells are actually born in these peripheral regions.
Discussion
Sustained postembryonic to maximally life long supply of neurons in the vertebrate CNS is rather restricted, but not impossible to occur. In mammals, the olfactory bulb and hippocampus are continually supplied with newborn neurons (Altman and Das, 1965; Kaplan and Hinds, 1977;  Bayer et al., 1982; Lois and Alvarez-Buylla, 1993; Luskin, 1993; Goldman et al., 1997 ; neural stem cells reviewed in Temple and Alvarez-Buylla, 1999) . Another spectacular example is that of songbirds, where a seasonal enlargement of certain forebrain vocal centers is occurring in correlation to the bird's vocal behavior (Goldman and Nottebohm, 1983; Alvarez-Buylla and Nottebohm, 1988; Goldman et al., 1996; Rousselot et al., 1997) , and this grown brain tissue is at least partially a consequence of the addition of newborn neurons. Even more prominent postembryonic neurogenesis occurs in many anamniotes as a consequence of life-long growth of the brain (Birse et al., 1980; Bernocchi et al., 1990; Zupanc and Horschke, 1995; Wullimann and Puelles, 1999; Ekström et al., 2001) . Typical for all these cases is that there are particular, permanent sites of neurogenesis close to the ventricle where the last mitosis (i.e. birth) of these late to life-long generated neurons takes place. These represent the last remnants of an initially overall proliferative ventricular zone and, thus, still conform to this general pattern for neurogenesis. An example is the subventricular zone of the lateral telencephalic ventricles in mammals (Temple and Alvarez-Buylla, 1999) .
In contrast, there is one well-documented example for peripheral mitotic activity, i.e. subpial neurogenesis in the CNS. This is the EGL of the developing cerebellum that is probably occurring in all gnathostome vertebrates. Its role is best documented in mammalian cerebellar development, where different classes of neuronal cells are generated in Fig. 5 . The larval pretectal M1 (A1-D1), preglomerular M2 (A2-D2) and cerebellar regions (A3-D3) of a 2 dpf (D1,D2,D3), 3 dpf (C1,C2,C3), 4 dpf (B1,B2,B3) and 5 dpf (A1,A2,A3) zebrafish brain shown in microphotographs of sections in situ hybridized for neuroD transcripts. Note that the neuroD expression signal persists in peripheral pretectal (M1) and preglomerular (M2) cell aggregates as well as in the cerebellar external granular layer (EGL) at least up to 5 dpf, despite a general down-regulation of neuroD expression. Note that the EGL forms between 3 and 4 dpf. Asterisk in (D1) denotes most caudal pallial neuroD expression (compare with Mueller and Wullimann, 2002) . Arrow in D2 points to earliest visible M2. See list for abbreviations. subsequent waves (for a review see Nieuwenhuys et al., 1998) . A first wave of postmitotic neuronal cells destined to become the deep cerebellar nuclei is born at the ventricle of the early cerebellar plate. Initially, these neuronal cells migrate somewhat towards the periphery, but then they move laterally down to the base of the cerebellum to their adult location. A second wave of postmitotic neuronal cells is then leaving the ventricle and moves towards the periphery. These cells will eventually terminate their migration and become Purkinje cells. A third wave of cerebellar neuronal cells is generated at the posterior boundary of the cerebellum towards the rhombencephalon within the rhombic lip. These neuronal progenitor cells migrate tangentially rostrally into the cerebellar plate and populate its uttermost periphery, directly below the pia. Since these neuronal progenitors will develop into cerebellar granular cells, this sheet of cells is called external granular layer. In contrast to the other two classes of cerebellar cells described previously, the EGL cells remain mitotic and give off an immense number of postmitotic cells, which migrate basally (Komuro and Rakic, 1998) . They will eventually have to cross the Purkinje cell layer to generate the densely populated deep adult granular layer. It is believed that these migrating granular cells have a critical role in forming the Purkinje cell layer in that they stabilize the position of the Purkinje cells, a signal possibly mediated by the expression of reelin in the migrating granular cells (Curran and D'Arcangelo, 1998 ). Köster and Fraser (2001) directly demonstrated the ontogenetic origin of the EGL cells from the early rhombic lip by showing migration of early cerebellar cells in a live imaging study in the zebrafish. They also showed that a much larger fraction of upper rhombic lip cells migrate ventrally and populate extracerebellar territories. Our present study documents the establishment of and ongoing (peripheral) neurogenesis in the EGL between 2 and 5 dpf in the zebrafish cerebellum (Figs. 2G, to be quite comparable to the amniote situation.
The present report adds a second definitive example for peripherally mitotic neuronal progenitor cells in the vertebrate brain: the early migrated pretectal (M1) and preglomerular (M2) regions of teleostean forebrain. However, an important difference is that -unlike the EGL -the M1/M2 peripheral mitotic cells appear to maintain their activity beyond early development (see below). What is their neurobiological significance? A first clue comes from the particular morphogenesis of M1 and M2. By about 2 days, the first cells can be seen at the subpial periphery of the zebrafish posterior tuberculum (Wullimann and Rink, 2001) . From then on, this cluster of cells is increasingly separated from the periventricular main gray matter of the CNS by massive white matter tracts and neuropil (Figs. 3A, B, D and 4) . By about 5 days, zebrafish are self-feeding larvae displaying complex behaviors and definitely need a functional nervous system. The large tracts now separating M1 and M2 from the periventricular gray matter possibly make radial migration of cells into these peripheral positions difficult. But M1 and M2 still have to increase their total cell number dramatically, as can be estimated by the large size and high degree of nuclear differentiation of the adult superficial pretectal and preglomerular regions (Wullimann et al., 1996) . Thus, early inhibition of radial migration may be one reason for the sustained mitotic activity in M1 and M2.
There may be another or alternative reason for long-lasting mitotic activity in M1 and M2, at least in some teleost species. Some restricted adult proliferation was seen in the South-American electric fish Apteronotus albifrons (Zupanc and Horschke, 1995) . More recently, many of the proliferation centers described in the 5 dpf zebrafish brain (Wullimann and Puelles, 1999 ; this study) were also found in the adult brain of the three-spined stickle-back Gasterosteus aculeatus (Ekström et al., 2001) . Both of these studies did not describe proliferative activity in the pretectal and preglomerular regions. However, a BrdU-study in the zebrafish (Maeyama and Nakayasu, 2000) still shows proliferation between 3 and 6 weeks in the preglomerular area (in addition to even more long-lasting proliferation in the midline cerebellum and medial and lateral tectum). Moreover, in the African Red cichlid, Hemichromis lifalili, the brain continues to show PCNA-positive cells in the preglomerular region up to about 48 dpf (oldest stage investigated, M.F. Wullimann, unpublished observations). Since the preglomerular region is an important sensory forebrain structure, it may be correlated with behavioral plasticity in some teleost groups and sustained mitotic activity in the preglomerular region may be related to its underlying neuronal plasticity, somewhat similar to the bird song example.
The related gene-expression patterns noted support such a notion. It is known from the literature (Korzh et al., 1998) and from our own data (Fig. 5 ) that neuroD is beginning to be rapidly down-regulated in the zebrafish at around 3 dpf almost everywhere in the brain. However, neuroD expression appears equally strong in the pretectal M1 and preglomerular M2 regions still at 5 dpf, indicating a strongly upheld neuronal production. The expression of the transcription factor Pax6 on the protein level has recently been described in detail in the zebrafish brain between 1 and 5 dpf (Wullimann and Rink, 2001) . Between 2 through 5 dpf, a cluster of early Pax6-protein containing cells has been noted in M2; and in the pretectal prosomere, many Pax6 cells extend from the ventricle towards the subpial periphery (Wullimann and Rink, 2001, 2002) . Thus, a hypothesis worthy to be followed up is whether the peripheral mitotic neuronal progenitor cells in M1 and M2 are identical to Pax6 cells as is the case for radial glia cells in the mammalian cortex (Götz et al., 1998; Malatesta et al., 2000; Noctor et al., 2001 ). This seems likely in the face of the many roles of the Pax6 gene in the development of the alar plate sensory forebrain (e.g. visual system, olfactory system, pretectum, dorsal and ventral thalamus; Stoykova and Gruss, 1994; Callaerts et al., 1997; Wullimann and Rink, 2001, 2002) , which is in contrast to the absence of a developmental role of this gene in the basal plate forebrain (e.g. hypothalamus). In any case, this particular locus of long-lasting peripheral neurogenesis in teleosts remains an interesting topic, be it for developmental biological reasons alone, or for the study of neuronal plasticity in teleosts.
Experimental procedures
Animals
Zebrafish were kept and bred according to standard techniques (Westerfield, 1995) . Fertilized zebrafish eggs were raised at 28.58C and staged according to Kimmel et al. (1995) . For in situ hybridization of neuroD on sections, animals were collected at 2, 3, 4 and 5 dpf. For immunohistochemical applications, only 5 dpf fish larvae were used. Before tissue preparations, all animals were anesthetized with MS 222 (Sigma, Deisenhofen, Germany). The treatment of live zebrafish larvae with BrdU represents an animal experiment in the sense of the 'Deutsche Tierschutzgesetz' and was applied for and approved of by the local authorities. For standard immunohistochemical applications and in situ hybridizations, fixed larvae were used (total number: 20) and the planned number of animals to be used in this study were reported prior to starting the investigations to the local authorities (Senate of the City of Bremen, Germany). Thus, treatment of all animals used herein is according to the 'Deutsche Tierschutzgesetz' and is furthermore in agreement with the guidelines of the 'Veterinäramt' of the Senate of the City of Bremen (Germany).
BrdU incubation
Zebrafish larvae (5 dpf; total number of animals: 104) were incubated in a 10 mM solution of BrdU (Sigma) in tap water at a temperature of 28.58C for 10, 12, 15, 16, 24, or 27 h. All of those larvae were sacrificed immediately after incubation by shock-freezing at 2708C.
Immunocytochemistry of cryo-material
BrdU single-labeling
The 10-12 mm thick cryostat sections (total of 36 animals) were postfixed for 20 min in cooled methanol (2208C) and washed three times (30 min total) in phosphate buffered saline (PBS; pH 7.2). The denaturation step of DNA with 4 N HCl lasted for 20 min, followed by three washing steps in PBS (30 min total). Afterwards, the sections were washed two times (10 min total) in PBS containing 0.5% Triton-X-100 and then again washed three times in PBS (total 30 min). The standard biotinavidin system (Vectastain ABC-kit, peroxidase mouse IgG, PK-4002, Vector Labs., Burlingame, CA, USA) was used as detection system. Incubation with blocking serum for 30 min was followed by incubation with the primary monoclonal antibody against BrdU (Dako Diagnostika, Hamburg, Germany; 1:1000) diluted in PBS containing 10% bovine serum albumin (BSA) overnight. Diaminobenzidine (DAB) was used as chromogen and the horseradish peroxidase reaction product was intensified according to Adams (1981) .
BrdU-/Hu double-labeling
Tissue preparations were carried out as described previously (total of 68 animals). For BrdU-Hu double-labeling the BrdU-antibody was incubated simultaneously with the anti-Hu monoclonal antibody 16A11 (Monoclonal Antibody Facility, Eugene, OR, USA). As the anti-Hu antibody 16A11 is a mouse type IgG 2bK antibody, whereas the antiBrdU antibody comes from the same species but is of type IgG 1 , both were incubated simultaneously with isotypespecific fluorescence-coupled secondary antibodies (Southern Biotechnology Associates, Birmingham, AL, USA), as similarly described by Marusich et al. (1994) . Incubation time with secondary antibodies was 2 h at room temperature. After three washing steps in PBS (30 min total), the sections mounted on slides were embedded with Dakow Fluorescent Mounting Medium (Dako, Carpinteria, USA).
Immunocytochemistry of fixed material
Hu single-labeling
For single detection of Hu-proteins, Bouin-fixed (24 h fixation time) and paraffin-embedded material (total of eight animals) was used. The thickness of transverse sections amounted to 10 mm. Again, the standard biotinavidin system (kit: see earlier, Vector Labs., Burlingame, CA, USA) was used as detection system (see earlier). To unmask the Hu-antigen in fixed material, slides were put in the microwave oven for 10-15 min in citric acid-citrate buffer (pH 6.0, after Romeis, 1989) at 700 W before incubation with the primary 16A11 Hu-antibody (see earlier).
Bodian/cresyl-and PCNA-stained material
Sectioned Bodian/cresyl-and PCNA-material was available for comparison and its generation was described previously (Wullimann and Puelles, 1999; Wullimann and Knipp, 2000) .
In situ hybridization
The zebrafish neuroD (nrd) plasmid was received as a gift from Dr Uwe Strähle and the IGBMC-184-ULP, Strasbourg, France. RNA-probes were generated by in vitro transcription with digoxigenin-11-UTP (Boehringer, Mannheim, Germany). In situ hybridization with digoxigenin-labeled antisense probes of neuroD was performed on paraffin sections (thickness, 8-10 mm) according to Dorsky et al. (1995) . The hybridization step was carried out overnight at 558C, and the color reaction was allowed to proceed for 1-3 days at room temperature. For this purpose, we used 2, 3, 4 and 5 dpf zebrafish larvae (total of 12 animals) which were paraformaldehyde-fixed overnight (4%, in phosphate buffer, pH 7.2) and embedded in paraffin.
Microscopy
Sections (light microscopy) were analyzed and photographed with a Zeiss Axiophot (non-fluorescent material), fluorescent sections were analyzed with a laser scanning confocal fluorescence microscope (Zeiss LSM 410 invert).
Terminology
Neuroanatomical designations are taken from Wullimann and Puelles (1999) . However, to avoid confusion, we do not make specific reference to proliferation zones by adding an asterisk to a particular neuroanatomical designation here (e.g. PTv* for the proliferation zone of PTv, the ventral part of posterior tuberculum). In the present article, neuroanatomical designations simply designate particular brain regions, which may contain one or several proliferation zones. Also, for better readability, the former designations M 0 and M 00 have been changed to M1 and M2, respectively.
